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ABSTRACT

Fumane Cave contains a sequence of natural and anthropogenic deposits documenting key transitions in the Paleolithic of Northern
Italy. Open questions remain concerning the stratigraphic integrity, the formation processes, postdepositional alterations, and paleo-
climatic implications of the sedimentary record. We examine these aspects through an extensive investigation based on field descriptions
and micromorphological analysis of thin sections sampled during the last 25 years of excavations. Major components of the sediments
are carbonate sands and limestone rubble originating from the physical breakdown of the cave roof and walls. Limited amounts of mica
and quartz grains attest to weak eolian inputs. Sediments contain anthropogenic features and variable amounts of charcoal, bone, and
lithic artifacts reflecting different uses of the site. Cryoturbation features observed in the field suggest an increased intensity of frost
mainly after the accumulation of unit A2. This unit as well as unit A6 also show increased abundance of silt and clay cappings under
the microscope, probably reflecting higher rates of snowfall and percolating meltwater during colder periods of the Last Glacial.
However, limited expression of micromorphological features related to frost suggests rather modest changes in climate during the
accumulation of the sequence. Overall, field descriptions and the micromorphological approach mostly corroborate the stratigraphic
integrity of the sequence, underlining the high value of Fumane Cave as an archive of the late Middle to early Upper Paleolithic in
Southern Europe.

1 | Introduction in the last decades (D'Errico and Banks 2013; Greenbaum

et al. 2019; Higham et al. 2014; Hublin 2015; Vaesen et al. 2021;
The transition process from the Middle to the Upper Paleolithic Slimak et al. 2022; Villa and Roebroeks 2014). In this process,
(MP/UP) with the expansion of Homo sapiens and the demise of  significant questions remain open regarding human behavior,
Neanderthals between 55,000 and 40,000 years ago (50-40 ka) has subsistence, and above all, how cultural innovations can highlight
been one of the most conflicted topics in Prehistoric archaeology ~ substantial cognitive differences (Colagé and d'Errico 2020),
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represented across the archaeological record by the appearance of
the Initial Upper Paleolithic and other techno-complexes such as
the Chatelperronian and the Uluzzian (Hublin 2015; Zilhdo
et al. 2024).

In order to further elucidate these complex issues, new data
from sites with high temporal resolution and reliable sedi-
mentary contexts are needed. Among these, the Fumane Cave
(or Grotta di Fumane) is outstanding. It is a key site for the
study of the Middle Paleolithic and the MP/UP transition in
the Northern Mediterranean and of the origin of behavioral
modernity in Europe (Peresani 2022).

The rich archaeological assemblages of the Late Mousterian and
Proto-Aurignacian at Fumane are included in a finely stratified
sedimentary sequence. An Uluzzian layer was discovered as
well (Peresani et al. 2016), representing the northernmost
occurrence of this techno-complex along with the record from
Riparo Broion (Peresani et al. 2019). The stratigraphic sequence
documents repeated and high-frequentation occupations of the
cave, corroborated by radiocarbon dates (Peresani et al. 2008;
Higham et al. 2009; Douka et al. 2014; Marin-Arroyo
et al. 2023). Although the archaeological artifacts of Fumane
Cave have been extensively studied, yielding important findings
on human behavior (Peresani 2022 and references therein), less
information has been published on its sedimentary record and
microstratigraphy, which is indispensable to assess the role of
natural or anthropogenic deposition processes and the strati-
graphic integrity of the archaeological sequence.

Here, we attempt to decipher diachronic and spatial changes in
processes of sediment accumulation and postdepositional dis-
turbance at Fumane Cave using field evidence and a micro-
morphological approach. Micromorphology, or the study of
intact monoliths of sediments and soils under magnification,
has recently received considerable attention and is now an
indispensable method for describing archaeological sediment
sequences of caves, rockshelters, and open-air sites (e.g., Courty
et al. 1989; Goldberg and Macphail 2006; Goldberg and
Berna 2010; Nicosia and Stoops 2017). Micromorphology is used
to clarify the nature of natural or anthropogenic sediment
components and their spatial organization. Processes of sedi-
ment deposition and postdepositional alteration can then be
deduced from structural and compositional features (e.g.,
Courty and Vallverdu 2001; Mallol et al. 2010; Van der Meer
and Menzies 2011; Karkanas and Goldberg 2013; Stoops
et al. 2018). Important aspects are the distinction between
undisturbed and reworked layers (Courty 2001; Kehl et al. 2016)
and the detection of trampled horizons via differential degrees
of compaction or presence of crushed materials (e.g., Goldberg
et al. 2009; Linstiddter and Kehl 2012; Estévez et al. 2014;
Alcaraz-Castafio et al. 2017). Overall, the microstratigraphic
approach has become a highly valuable tool to unravel the
stratigraphic sequences of Paleolithic sites (e.g., Miller
et al. 2013; Karkanas et al. 2015; Mallol and Mentzer 2017).

During the last 25 years (1996-2019) of excavation of the Fumane
MP-UP sedimentary sequence, a large number of structurally
intact sediment samples have been collected and used for the
preparation of thin sections. The first micromorphological
observations on the whole Fumane sequence were presented by

Cremaschi et al. (2005), who related admixtures of silt size quartz
and feldspar grains in the cave deposits to eolian inputs. Silt
cappings on coarse materials and platy microstructure were
interpreted as effects of former frost action. In addition,
the presence of illuvial clay coatings in the dolomitic sands of the
lowest strata (macro-unit S) above the bedrock was noted. A.
Danti (in Peresani et al. 2011) analyzed a set of thin sections
prepared for Mousterian unit A6. Coarse cappings and platy or
banded microstructures were identified and related to post-
depositional ice-lensing. The expression of such microstructures
was found to depend on the location of sampling, where samples
from the interior of the cave showed more frequent frost features
than those from further outside. Marcazzan et al. (2023) focused
on the micromorphological properties of purported combustion
features. Five different types of anthropogenic sediment features
were thus identified in Fumane Cave, that is, hearths, dumping
areas, occupation horizons, laminated anthropogenic features,
and isolated concentrations of anthropogenic materials. Hearths
and dumping areas are indicative of short events of usage,
whereas formation of the three other classes is probably related
to longer lasting activities on a living floor partly compacted by
trampling.

A comprehensive micromorphological study of units A10 to Al
as well as D3 and D1 of the sedimentary sequence chronolog-
ically framed in the marine isotope stages 3 and 2 (MIS3-MIS2)
is within the scope of this paper, in which we exclude samples
from the purported combustion features studied by Marcazzan
et al. (2023). Our objectives are to gain further insights into the
composition and structure of the different sedimentary units
and thereby on the formation processes of the MP-UP sequence
at Fumane. The degree of weathering, pedogenic transforma-
tions, or postdepositional modifications are described and pos-
sible indicators of paleoenvironmental change such as eolian
inputs of silt grains and frost signatures are assessed. In addi-
tion, the significance of anthropogenic versus natural accumu-
lation processes is evaluated. Besides micromorphological data,
we also provide detailed field descriptions of the sedimentary
sequence, compiled over the last decades of excavation. Finally,
we attempt to bring the two scales of observation together to
draw conclusions on possible diachronic changes in sediment
accumulation and alteration processes.

2 | Geographical Setting, Archaeological Site, and
Sedimentary Sequence

Fumane Cave is located on the southern side of the Alps in the
Monti Lessini region of the Venetian prealps (Figure 1) and sit-
uated on the west facing slope of the Fumane valley at an altitude
of 350 m above sea level. The modern bioclimate at Fumane is
humid and temperate continental (Rivas-Martinez et al. 2011),
characterized by a mean annual temperature of c. 12.4°C, mean
temperatures of the warmest and coldest months of 22.6°C and
1.5°C, respectively, and a mean annual precipitation (MAP) of
827 mm as derived from climate normals of the meteorological
station Verona-Villafranca (45°23’ N, 10°52" E, 68 m asl) situated
23km south of Fumane Cave (Blasi et al. 2007; Lépez-Garcia
et al. 2015). Regarding the paleoclimate conditions during MIS 3-
2, several geological climate archives of the wider area (for
locations, see Figure 1) indicate phases of cold and dry conditions
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FIGURE1 | (a) Location of the Fumane Cave and of the main sedimentary climate archives in Italy and the Alps mentioned in the text.

The —100 m isobath indicates that, during the Last Glacial, the land mass in the Po plain extended further toward the southeast, causing a more continental
climatological setting. (b) Image showing the cave entrance in 2013 during geophysical prospections with the location of tunnels A, B, and C.

such as limnic sediments of Lake Fimon (Pini et al. 2010; Badino
et al. 2023), the Azzano Decimo core in the Po Plain (Pini
et al. 2009; Badino et al. 2020), and sediment cores from Lago di
Vico and Lagaccione (Voelker 2002) and from the Arno coastal
plain (Aguzzi et al. 2007). Further evidence of dry and cold cli-
mate is provided by intensified dust accumulation in Val Sorda in
the Garda Lake morainic amphitheater (Ferraro 2009) and on

Susak Isle (e.g., Wacha and Frechen 2011). Dansgaard-Oeschger
climate cyclicity during MIS 3 (Dansgaard et al. 1993) is reflected,
for instance, in speleothems from Kleegruben cave (e.g., Spotl
et al. 2006).

The cave consists of several smaller cavities and a karst pit
developed in yellowish to reddish, poorly stratified, and weakly
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inclined Jurassic dolostone and dolomitic limestone. Three
tunnels open at the upper levels of the karst complex (Figure 1).
The main (B) and secondary (C) tunnels form the major rock
shelter, whereas a third western (A) tunnel connects with B,
forming a vault at the present-day cave entrance in the dolos-
tone bank, still unstable due to several fractures running
roughly parallel along the overhung rock wall. These cracks are
a consequence of collapse events that caused the sealing of the
cave entrance and the deposition of large blocks and slabs.
Hence, the cave entrance was originally positioned a few meters
south than the present. Today, the sheltered entrance is about
30 sqm large. The cavities are filled by unconsolidated, sandy,
and stony deposits forming a sedimentary sequence, about 12 m
thick. The sequence was divided into four macro-units based on
sedimentological and pedological features as well as the density
of archaeological finds (Cremaschi et al. 2005). The lowermost
macro-unit S consists of residual dolomitic sands, probably re-
worked by fluvial action with inclusions of partially weathered
boulders from the cave roof and of some levels indicating living
floors. Macro-unit BR comprises breccia with a matrix of eolian
silt and clay. Archaeological finds of Mousterian affinity are
mainly dispersed, but a thick living floor in BR11 is found as
well. The next macro-unit A (Figure 2) contains several hori-
zontally layered units (A13-Al) consisting of residual sands,
locally disturbed by frost heaving (A13-A12), cryoclastic brec-
cia, and a fine-grained matrix of eolian silts. In comparison to
macro-unit BR, macro-unit A shows much more evidence of
human occupation, including several living floors with sedi-
ment features resembling hearths. Macro-unit A records the
MP/UP transition with Mousterian occupations indicated in
units All, A10, A9, A6-A5, and A4 (Peresani 2012, 2022), the
Uluzzian technocomplex represented in A3 (Peresani
et al. 2016), and the Proto-Aurignacian contexts in A2 and Al
and D3 (Falcucci et al. 2017, 2024). These units were extensively
excavated at the cave entrance down to unit A10. Units Al3,
A12, and A7 are archaeologically sterile. Macro-unit D at the
top of the sequence is composed of large roof-fall blocks prob-
ably related to intense frost activity. Human presence becomes
sporadic and ends with the Gravettian subunit D1d (Falcucci
and Peresani 2019).

The sequence from the MP to UP probably spans the period
from MIS 7 to MIS 2 (Falguéres, pers. comm.; Peresani
et al. 2022). Higham et al. (2009) discussed radiocarbon dates
from the Gravettian to late Mousterian units (Dle to All),
suggesting that the main factor causing dispersion of dates is
contamination. This is demonstrated by the re-dating of char-
coal from the Aurignacian, Uluzzian, and Mousterian units D3
to A5, previously dated using conventional pretreatment and
now subjected to rigorous pretreatment to eliminate contami-
nation applying the ABOx technique (Higham et al. 2009). This
procedure yielded considerably older ages pointing to age un-
derestimation by conventional pretreatment protocols. Addi-
tional radiocarbon measurements on bone for Uluzzian unit A3
and now reassessed Mousterian unit A4 yielded ages between
39 and 42ka (Douka et al. 2014, Marin-Arroyo et al. 2023).
These partially overlap with radiocarbon dates for the Mous-
terian units A5 and A6 (Higham et al. 2009, 2011). Mousterian
unit A9 is chronologically not well constrained and probably
underestimated by published radiocarbon dates (see fig. 7 in
Badino et al. 2023), but a correlation with a relatively warm and

humid phase before Heinrich Stadial (HS) 5 was proposed
(Lépez-Garcia et al. 2015). For comparison between climate
signals of the Fumane sequence with regional climate records,
the results of Bayesian modeling using 23 radiocarbon dates
from units A5+A6, A4, A3, A1/A2, and D3 of the Fumane
sequence as described in Marin-Arroyo et al. (2023) can be used
as a chronological framework.

3 | Materials and Methods
3.1 | Field Description

The definition and description of stratigraphic units were
carried out on both fresh exposures and undisturbed samples
taken during the archaeological excavations from 1988 to 2019
(Bartolomei et al. 1992; Cremaschi et al. 2005; Peresani
et al. 2008; 2011, 2017) following allostratigraphic and litho-
logic criteria (North American Commission on Stratigraphic
Nomenclature 2005). The main features taken into account are
the stratigraphic layout, architecture, lithological features
(stoniness, coarse-fine fraction relation, fabric, structure etc.),
boundaries, and indications of anthropogenic activity as
shown by variable darkening of sediment due to organic
content, lithics, bones, and charred vegetational residues. The
micro-sequence in each sedimentary unit does not have a
uniform pattern, although most of the units cover the entire
cave's surface. Some discontinuities affect the whole sedi-
mentary body or sometimes are restricted to a few units: lines
of marmot burrows and gaps with irregular boundaries. Part of
these features were already illustrated in previous studies
(Bartolomei et al. 1992; Cremaschi et al. 2005; Peresani
et al. 2011), whereas major parts of the descriptions remained
unpublished in the last 25 years. Features are resumed here
from the field notes taken after the examination of samples at
eye scale and using 10X lens following Goldberg and Macphail
(2006). Sediment color was recorded using Munsell Soil Color
Charts (Munsell Color 2009).

3.2 | Sampling of Thin Sections and
Micromorphological Techniques

Sediment monoliths for the preparation of thin sections were
extracted from units D1, D3, and A1-A7 as well as A9-All
from the entrance area (rows 4-6 of the excavation grid,
Figure 3), the central part (rows 7-9), and the back part of the
shelter (rows 10-14) in the course of excavation campaigns
between 1999 and 2016 (Figure 3). For further information on
thin-section origin, refer to Supporting Information S1:
Tables S2 and S2.1. All thin sections from units A9 and above
were prepared by Servizi per la Geologia Facility, Piombino,
Italy, whereas thin sections from units A10 and All were
produced in the Geoarchaeology Laboratory of Tiibingen Uni-
versity, Germany, and by the Terrascope Thin Section Slides
laboratory, in Troyes, France. Further details on sampling are
provided in the supplementary materials.

Most of the observations were made on thin sections from
columns 9-7 and rows 5-9 of the excavation grid (Figure 3).
This sample collection bias has to be considered when
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FIGURE 2 |

(a) Upper part of the main sagittal section now partly dismantled at the cave entrance, with the main lithological features in D and A

macro-units and sequence of stratigraphic units from A1l to D1. (b) Stratigraphic sequence from A7 to D1 visible on the section at the entrance of
tunnel A with evidence of late Mousterian (A6-A5, A4), Uluzzian (A3), Aurignacian (A2-D3), and Gravettian (D1) units. Note the wavy deformation

of units Al and A2. The degree of anthropogenic content is represented
(very high).

interpreting the spatial distribution of sedimentary properties
observed in thin sections across the excavated area.

The thin sections were studied using a polarizing microscope
and flatbed scans. For micromorphological description, the
system and terminology of Stoops (2021) were followed. The
properties of groundmass and pedofeatures (see the Support-
ing Information for further explanations) were observed at
different scales under plane polarized light (PPL) or crossed
polarizers (XPL). In a few cases, micrographs were captured
under circular polarized light (see figure captions). Oblique

by progressive darkening from white (very low/absent) to dark gray/black

incident light (OIL) was used to distinguish opaque compo-
nents according to tab.3.2 of Stoops (2021). Quantitative
criteria used for the description are listed in Supporting
Information S1: Table S2.2. For quantitative estimates of the
surface area covered by coarse components and voids, refer-
ence charts (Stoops 2021, fig. 4.12) were used. The abundance
of silt cappings in each unit was quantified by calculating a
weighted mean of the number of observations in each abun-
dance class. The resulting cappings index can range from 0 for
absence of cappings to 1 for abundance class "many” in all
observations for a certain sedimentary unit.
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FIGURE 3 | Number of micromorphological data sets (n = 123) for all subunits identified in thin section as plotted on each square meter of the

excavation grid. The thin sections mainly derive from the left-hand side of the central cave and the entrance area, whereas comparatively few are

available from the outer part of the entrance area and the right-hand side of the excavation grid.

4 | Results

4.1 | Field Description of Stratigraphic Units D1
to Al13

The deposits of macro-unit A, labeled A13 to Al from bottom to
top, mostly consist of numerous thin parallel layers and hori-
zontally bedded lenses, grouped into stratigraphic units. The
units of macro-unit D (from D3 to D1) have large thicknesses,
show strong variation in their textural components, bend toward
the inner cave, and ultimately seal the cave entrance. All strati-
graphic units from D1 down to A13 extend over the whole cave
entrance and the inner cave mouth and are currently exposed on
several sections in the excavated sectors: at the entrance of
tunnel A (from A9 to D1e); in the cave mouth in tunnel B (from
All to A10 and A9 to D1le); in the present-day exterior area in
the trench and pit opened in 1990 and 1992, respectively (from
A13 to A3); and at the small entrance of tunnel C (from A10 to
D6). Although detailed information on the sedimentary proper-
ties of each unit is provided in the Supporting Information S1:

Text and Figures S1.1-S1.18, a summary description is provided
in Table 1. The thickness of sedimentary units ranges from less
than 5cm such as in the anthropogenic deposit D3alpha to
350 cm in subunit D1e-D1f. Most layers and lenses are charac-
terized by frequent to dominant abundance of angular or sub-
angular limestone clasts reaching boulder size in unit DI,
whereas rock fragments of other units fall into size classes of
small to large stones. Those layers and lenses show clast sup-
ported to openwork fabric. A few subunits such as A3l are
comparatively poor in rock fragments. The texture of the fine
fraction resembles sand, loamy sand, silty loam, and loam,
reflecting increasing contents of silt and clay toward loams. A
poorly to moderately developed granular aggregation is observed
in some units. The interfaces between units are mostly charac-
terized by abrupt boundaries, which, in the upper part of the
sequence, often show deformations. Various contents of
anthropogenic components reflect diachronic changes between
dominantly natural and anthropogenic sediments, the latter
characterized by increased organic content and abundances of
lithics, bones, and charred vegetational remains. Concerning
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FIGURE 4 | Flatbed scans of selected thin sections from Fumane Cave (1200 dpi, captured using ordinary light in transmission mode, scale bars
are equal to 10 mm). (a) Elongated frost-shattered dolostone fragments with a subhorizontal orientation of the long axis in a sandy groundmass. Note
the compacted layer resulting from trampling underneath the rock fragment in the center (thin section A2 MS10). (b): Thin section MM3 from
archaeologically sterile unit A7 with light-colored groundmass. Charcoal pieces at the top probably belong to the overlying unit A6. The long axes of
elongated rubble do not show a preferential orientation. (c) Thin section A6 MM6 showing a high (50%-70%) proportion of limestone clasts and the
presence of bone and charcoal fragments. The upper part of the thin section (unit A6) has a darker groundmass than the lowermost part (unit A7).
Note the silt cappings on limestone fragments, partially superimposed on calcite coatings. (d) Thin section A4 MMS8 from unit A4 feature VI shows
intercalation of slightly loamy sand with loam (lo). Comparatively large pieces of coprolites are present in the lowermost sandy layer. (e) Sharp
sedimentary boundary between dark-colored unit Al at the top and the lighter colored unit A2 at the bottom (thin section Al 97d C2). (e) Dark
sediment of unit A6 with a relatively high abundance of bone, small fragments of charcoal, and lithic artifacts (A6 MM42). Key: b, bone; cac, calcite
coating; ch, charcoal; co, coprolite; la, lithic artifact; lo, loam; sa, sand; sc, silt capping; t, tufa.

The sand- and silt-size particles are mainly composed of car-
bonate grains, originating from the cave wall, whereas quartz
and mica occur in subordinate amounts (Figure 5a-d). The
siliceous components mostly belong to the coarse silt and fine
sand fractions and show a good degree of sorting, which indi-
cates that they could have entered the rock shelter by eolian
transport.

Mostly small (< 2mm in diameter) fragments of dense coprolites
consisting of phosphate incorporating few carbonate and quartz
grains are found in many thin sections (Figure 5e,f). Rarely, larger
coprolites are preserved such as in thin section A6 MM6 within
unit A6 (Figure 4d). The coprolites show vesicular and elongated
pores, but inclusion of bone fragments, which would point to
carnivore origin (Horwitz and Goldberg 1989; Bronnimann
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FIGURE 5 | [Illustration of selected micromorphological features. A: Micrograph of sandy facies in thin section A4 MMS8 from feature A4VI with
fine to medium sand grains of calcite and a gefuric coarse/fine related distribution. (b) Same as (a) but captured under circular polarized light. Note

the presence of few silt-size mica and quartz grains. (c, d) Micrographs of loamy facies in A4 MM8. (d) The presence of abundant mica grains is
apparent under crossed polarizers. (e) Coprolite with elongated pores probably from fir hairs indicating a carnivore origin. (f) Same as (e) but under
crossed polarizers. The isotropic phosphate of the coprolite appears in black. (g) Small accumulation of clay granules in thin section A7 MM2.
(h) Some of the same clay granules as in (g) at higher magnification. (i) Remains of plant tissue (center), probably ashed (A9 MM4). (j) Same as (i) but
crossed polarizers. (k) Piece of charcoal with cappings of silt and micromass. Note the calcite biospheroid in the upper left corner (A2 MS11). (1) Same
as (k) but crossed polarizers. Key: b, bone; cac, calcite coating; ch, charcoal; co, coprolite; la, lithic artifact; lo, loam; sa, sand; sc, silt capping; t, tufa.

et al. 2017), was not observed. Short (< 5 mm) fragments of shell
are present in traces in most thin sections. Longer fragments or
even intact pieces of mollusk shells (Supporting Information S1:
Figure S2.1c,d) were very rare.

Another interesting component is the presence of mainly sand
size clay-rich silty aggregates interspersed in the carbonate

sands and locally aligned in discontinuous patches or bands
(Figure 5g,h). Their circular shape points to transport and
rounding in running water, while they may have endokarstic or
exokarstic origin (Marcazzan et al. 2023).

Frequent constituents of organic origin are small (<1 mm) to
large (c. 10 mm) pieces of charcoal with well-preserved cell
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FIGURE 6 | Spatial distribution of sandy groundmass textures (sands and slightly loamy sands; n = 36) plotted on the excavation grid.

structures (Figures 4b,c,e and 5k,1). Besides charcoal, charred
organic matter without recognizable cell structure is found in
many thin sections. Char fragments are more abundant within
anthropogenic features, where several pieces were identified as
fat-derived char (Marcazzan et al. 2023, fig. 1f). Plant ash (e.g.,
Canti 2003) was detected in few thin sections, some of which
originates from features (Marcazzan et al. 2023). The ash either
occurs in distinct microlayers such as in features of unit A10 or
as small clusters of ash particles in which plant structures are
partly preserved (Figure 5i,j). Remnants of fresh plant material
such as tissue of modern roots are very rare. Locally, very few
biospheroids (Figure 5k,1) possibly originating from earthworms
were detected.

Mostly well-preserved subangular to subrounded bone fragments
(Figure 5c.f) are present in many thin sections. Bone color ranges
from pale yellow gray over yellow orange to dark brown in PPL,
with very dark interference colors under XPL. The typical ropy
structure and birefringence colors (XPL) are often well preserved,
but may be completely lost in burnt or calcined bone fragments,
which were found in low numbers. The bone fragments visible in
the thin sections are less than 15 mm long.

The abundance of anthropogenic materials, including charcoal,
burnt matter, bone, and lithic artifacts per thin section layer,
was estimated in three frequency classes, namely, very low
contents (<1%), low contents (1%-10%), and high contents
(> 10%). Comparatively low abundances were found in units
A3, A4, and A7, moderate abundances in D1, D3, A2R, and A5,
and high abundances in Al, A2, A6, A9, and A10 (Supporting
Information S1: Figure S2.3). The spatial distribution of samples
rich in anthropogenic materials (> 10%) is plotted in Figure 7.
Although the abundance of anthropogenic materials in column
9 is comparatively low, higher amounts were observed in thin
sections from column 8. In general, most anthropogenic mate-
rial detected under the microscope derives from the central part
of the cave. Overall, the applied micromorphological approach
did not identify clear hotspots of anthropogenic materials in the
sampled area.

Another material of anthropogenic origin consists of ocher
(Cavallo et al. 2017, 2018), which is abundant in subunit A2R
(Figure 11), where it is finely dispersed, causing a reddish-
brown color of the groundmass or of silt cappings under OIL.
Rarely, sand-size fragments of ocher occur, mainly in thin
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FIGURE 7 | Spatial distribution of samples comparatively rich in charcoal, charred organic matter, bone, and lithics regarded as anthropogenic

materials (n = 30).

sections from unit A2. AS significant amounts of ocher were
just found in thin sections from subunit A2R, it was not
included in the estimation of anthropogenic materials.

4.2.2 | Basic Distribution Pattern, Voids, Aggregates,
and Microstructure

Most thin sections show a random arrangement of components
(e.g., Figure 8a,b). In a few cases, a banded fabric describing a
preferential arrangement of coarse or fine grains in mostly dis-
continuous microlayers (Figure 8c,d,i,j) is expressed. The lateral
shape of the bands is often bow-like and locally sinuous. Peresani
et al. (2011) noted the presence of banded fabrics in unit A6 of
the Fumane sequence, which is corroborated by this study.
However, few thin sections from units Al, A2, A3, A4, A5, A6,
and A7 show this fabric type (Supporting Information S1:
Figure S2.4), which, overall, appears to be weakly expressed.

Clearly developed laminations indicative of low-energy depo-
sition by sheet flow are not observed. Thin section A4 MM8

shows an interbedding of three sandy and three loamy layers
(Figure 4d), suggesting different depositional regimes during
accumulation. However, this thin section derives from a feature
investigated by Marcazzan et al. (2023) and the bedding could
be related to anthropogenic activities.

The porosity of the sediment ranges from low to extremely high,
whereas most thin sections show a high or very high proportion
of pores. Low porosities indicate higher degrees of compaction
of mineral grains and organic materials as, for instance,
observed in thin section MS10 from units A2/A3 in a thin layer,
2cm thick (Figure 4a). The pore space in thin sections from
sandy facies is often dominated by simple packing voids
between individual mineral grains, resulting in single-grain
microstructure (Figure 8a,b). In the case of higher silt and mi-
cromass contents such as in loamy sands, bridged-grain or
pellicular microstructures are apparent (Figure 5a,b). Rarely,
compound packing voids between non-accommodating ag-
gregates (interaggregate voids) occur, where granules or sub-
angular blocky peds are present. In a few cases, where small
(<3mm in diameter) granules are present, a granular
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FIGURE 8 | Illustrations of microstructure and banded basic distribution pattern. (a, b) Coarse monic single-grain microstructure (A6 MM13)
captured under PPL and XPL, respectively. (c, d) Weakly developed banded basic distribution pattern under PPL and partially crossed polarizers,
respectively (A2 100h). (e, f) Lenticular aggregates, weakly developed and separated under PPL, and partially crossed polarizers, respectively
(A2 100h). (g) Abundant channels and chambers in thin section A2 MM11 indicative of microscale bioturbation. (h) Well-expressed granular
microstructure in thin section A10 16_17B. Note the prominent silt and micromass cappings on top of the limestone clasts. (i, j) Weakly developed
banded fabric in thin section A4 MM7. (k, 1) Weakly developed lenticular aggregates in Al_58c. Scale bars in flatbed scans equal 10 mm in length.
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microstructure is expressed (Figure 8h). Vughy microstructure
is found in massive (nonaggregated) groundmass with abun-
dant vughs. Another very rare type of pores are planes between
accommodating faces of aggregates of a very rarely expressed
platy microstructure or cracks within limestone fragments. In a
few thin sections with banded fabric, fine lenticular aggregates
and a lenticular microstructure (Figure 8e,fk,1) are present.

Biogenic pores, including burrows, channels, and chambers
with smooth edges and circular to elongated round shapes, are
present in many thin sections (e.g., Figures 4c-f and 8g). The
channels often have diameters of <1 mm. They can be several
centimeter long when tangential or radial sections are visible.
The size and high continuity of these pores indicate that fine
plant roots induced their formation. The burrows and chambers
are larger and more irregular in shape. If abundant, the
microstructure is identified as burrow or chamber type. Their
formation is related to soil-dwelling mesofauna (200-2000 um
in size) such as mites, springtails (Collembola), and insects,
which feed on smaller animals and organic matter (Kooistra
and Pulleman 2018). Locally, the burrows are incompletely
filled with loosely packed granular organo-mineral aggregates,
that is, excrements of soil mesofauna such as collemboles.
Vughs with irregular shapes and partially rounded edges could
represent former burrows that later deformed by settling pro-
cesses. The frequent bio-pores suggest burrowing activity,
which may have destroyed a formerly present ‘primary’ sedi-
mentary structure. In some thin sections from features, the
density of channels is particularly high in organic-rich layers.
This may point to feeding of soil mesofauna on the organic
materials probably shortly after the sediments were deposited.
As the amount and type of pores can vary largely over the same
thin section and sedimentary unit, different kinds of micro-
structures can be found next to each other. In addition, sandy
and loamy microfacies in thin section A4 MM8 have clear upper
and lower boundaries (Figure 4d). These characteristics indicate
that bioturbation caused by soil mesofauna is restricted to the
microscale.

4.2.3 | Coarse-to-Fine Related Distribution and
Properties of the Micromass

We selected the threshold of 10 um for distinguishing between
coarse and fine grains. The coarse-to-fine ratio (c/f-ratio) thus
ranged from about 60/40 in loam to > 95/5 in pure sand. The
c/f-related distribution is classified as coarse monic in case of
high c/f ratios, whereas close porphyric c/f-related distributions
were observed in sediments showing higher contents of fines
indicated by lower c/f ratios. If a preferential arrangement of
fines in form of bridges between or coatings around sand grains
is observed, a gefuric (bridges) or chitonic c/f-related distribu-
tion (coatings) is noted (Figure 5a,b). The latter type is com-
monly observed in sandy soil horizons with clay illuviation
(argic horizons) (Kiihn et al. 2018).

The micromass has a dotted limpidity and light brown to
brown, reddish-brown, gray, or dark gray to black color,
whereupon the color and optical properties of the micromass
provide information on its mineralogical composition. The
micromass contains micritic calcite, as indicated by a crystallitic

birefringence fabric (b-fabric) observed in most thin sections. If
organic matter accumulation is high, the color changes to dark
gray and an undifferentiated b-fabric results. Similarly, diffuse
precipitation of secondary calcite and iron hydroxides influence
groundmass color. A special case is the reddish-brown
groundmass within thin sections from subunit A2R caused by
finely dispersed ocher produced by anthropogenic activity (cf.
Figure 11g,h). Finally, the micromass contains limited amounts
of oriented silicate clay, very locally indicated by a weakly de-
veloped stipple-speckled b-fabric. Silicate clay is also included
in sand-size orange-brown detrital granules of clay and silt
(Figure 5g,h), as well as in coatings and cappings (see below). In
many thin sections dominated by sandy detritus, the micromass
is too few to allow further characterization.

4.2.4 | Pedofeatures

In thin sections from Fumane, frequent pedofeatures are related
to the precipitation of secondary calcite forming typic nodules
and diffuse impregnations of calcite, whereas calcite hypo-
coatings appear rarely. The nodules always have gradual
boundaries toward the groundmass and often small channels
are located within the nodules. Thus, transitional features
between nodules, diffuse impregnations, and hypocoatings are
often encountered. Incomplete micritic infillings and coatings
in pores are rarely present. Few thin sections do not show any
calcitic pedofeatures. Increased accumulation of secondary
calcite is found in units D3, Al, A2, A3, and A4 (Figure 9).
Moderate abundance of calcitic pedofeatures is observed in A5

0%  20% 40%  60%  80%  100%

D1 (4)

D3 (13)
Al (6)

A2 (20)
A2R (5)
A3 (20)
A4 (5)
A5, A5+A6 (4)

A6 (25)

A7 (10)
A9 (4)
A10 (6)

Al1 (1)
not found traces rare

occasional Hmany

FIGURE 9 | Abundance rating of calcitic pedofeatures in different
stratigraphic units.
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and A7, whereas rather limited frequencies are recorded for D1,
A2R, A6, A9, and A10. As to the spatial distribution of calcitic
pedofeatures, a high abundance is found near the entrance area
in rows 5, 6, and 7 (Figure 10), whereas calcite precipitation was
less pronounced in the back of the cave.

Silt-dominated cappings with inclusions of clay and sand par-
ticles (Figures 4c, 5k, and 11) are the most prominent textural
pedofeatures at Fumane. Most of these so-called silt cappings
(or silt droplets, Stoops 2021, 157) are thin to moderately thick
(<2mm) and often discontinuous cappings on top of rock
fragments or calcite coatings (Figure 11a,b). In very rare cases,
similar features are present at the lower faces of fragments
(Figure 1lc,d). Within the silt cappings, elongated mineral
grains are oriented parallel to the face of the rock fragments.
Most of the silt cappings have light brown to brown color,
whereas cappings of red or dark brown to black colors appear as
well. The color of the silt cappings is clearly related to the color
of the fines in the adjacent groundmass. This is documented in
thin section A2 MM24, in which dark brown silt cappings occur
in unit A2, reddish brown in subunit A2R, and light brown in

unit A3 (Figure 11h,g). In ash-rich layers of anthropogenic
sediment features, silt cappings are dominated by ash particles
(fig. 2J in Marcazzan et al. 2023). The close similarity of
groundmass and cappings shows that the silt and clay traveled
short distances before being filtered out on top of the surface.
Cappings also occur on bone, charcoal (Figure 5k), or lithic
fragments (Figure 11i) and in many thin sections, most upward-
oriented faces are covered by them (Figure 8h).

The abundance of silt cappings is high in (sub)units A1, A2, and
A2R as well as in A6 (Figure 12). Moderate abundances are
recorded for thin sections from D3, A3, and A4, and rather
limited numbers of cappings are present in units A5, A7, A9,
and A10. No silt cappings were detected in thin sections from
D1. Silt cappings occur in most sampled excavation squares, but
there is a tendency for higher abundance in the central and
back parts of the cave (Figure 13).

Another type of textural pedofeatures consists of dusty and
impure clay coatings present in many thin sections (Supporting
Information S1: Figure S2.5). These coatings are always thin
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FIGURE 11

Legend on next page.
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(Supporting Information S1: Figure S2.1e,f) and mostly rare in
abundance, whereas higher abundances were observed in
combination with the expression of a gefuric or chitonic
microstructure.

Pedofeatures other than those related to precipitation of sec-
ondary carbonate or silt and clay relocation are rare. Very few
passage features are preserved. Secondary enrichment with
phosphate is present in very few cases (Supporting Information
S1: Figure S2.1g,h), a feature also described by Marcazzan et al.
(2023). Redoximorphic pedofeatures such as nodules or coat-
ings of manganese or iron were not observed.

4.3 | Weathering-Related Features

Few limestone fragments show dissolution hollows as signs of
carbonate leaching (Figure 14a,b). Complete in situ physical
disintegration into sand-sized dolomite crystals and formation
of long fissures in limestone clasts are displayed in thin sections
A6 MM13 and A7 MM2, respectively (Figure 14c-f). The sandy
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FIGURE 12 | Relative abundance of silt cappings in different
stratigraphic units.

texture of many thin sections thus possibly derives also from
mechanical disintegration in situ, which may have been en-
hanced by trampling on the cave floor.

Chemical and physical degradation of bone fragments appears
to be weak. The dissolution of bone apatite or faunal phosphate
nodules with later re-precipitation as infillings or impregnations
of limestone fragments or within the groundmass was limited.

5 | Discussion
5.1 | Processes of Sediment Accumulation

The composition and fabric of different sediment layers at Fu-
mane provide insights into major accumulation and alteration
processes. The high abundance of subangular to angular do-
lostone gravel and larger clasts as well as the preponderance of
sand or sandy loam textures in the fines (< 2 mm in diameter)
consisting of carbonate mineral grains strongly suggest that
deposition by gravity from the cave roof and wall (roof fall) was
the major natural accumulation process in units A13-Al
(Figure 15). Elongated large blocks in macro-unit D are
inclined parallel to the paleo-slope and appear to have been
sliding into the cavity (Supporting Information S1:
Figures Sl.1a and S1.2¢). It is thus likely that sediments of
macro-unit D have accumulated by relatively slow processes of
mass movement, including soil creep or solifluction in water-
saturated sediment with or without effects of freeze-thaw
cycles. The mass movement of D3d sediments affected unit A2,
particularly in the easternmost internal zone of the cave en-
trance, where intrusions of A2 materials into D3d as well as an
undulating interface between the two units were observed
(Supporting Information S1: Figures S1.15 and S1.16). This was
further confirmed by a blade break connection study. In par-
ticular, Falcucci et al. (2024) conjoined several blade fragments
recovered from D3d with fragments from the underlying unit
A2. In contrast, orientation of elongated clasts in macro-unit A
of the Fumane sequence is mostly parallel to the depositional
surface, which is horizontal for these units (Table 1, Supporting
Information S1: Figures S1.1 and S1.13), supporting the view of
clast deposition by roof fall and lack of lateral transport. Ver-
tical orientation of clasts in unit A12 is probably related to
postdepositional reorientation. In thin section, grain orientation
can be assessed in two dimensions; thus, the true orientation of
particles is not known. In 2d, the long axes of elongated parti-
cles mostly show a horizontal orientation, but diagonal or ver-
tical orientations are observed as well. Overall, the poor
documentation of the first excavation campaigns (1989-1993),
precludes any possibility of progress on fabric analyses. How-
ever, for sediments of A2 and below, it is thus very unlikely that
mass movement was a significant process of deposition.

FIGURE 11 | (a) Silt capping, ca. 500 um thick on top of a thin calcite coating (< 100 pm thick) covering a limestone fragment (If) in thin section

A6 MMB. (b) Same as (a) but XPL. (c) Silt cappings at the lower face of a limestone fragment in thin section A6 MM13. This context occurs very

rarely. (d) Same as (c) but XPL. (e) Silt capping in thin section A2 100 h. Note the regular arrangement of elongated mica grains. (f) Same as (e) but

XPL. (g) Thin section A2 MM24 with brown silt cappings (sc1) on top of rock fragments in unit A2 (top), reddish brown (sc2) in subunit A2R (center),
and thin light brown (sc3) in unit A3 (bottom). The different colors of the cappings indicate their local origin. (h) Reflected light scan and autocolor
correction of Photoshop for part of the same thin sections showing the reddish color of subunit A2R. (i) Thin section A6 MM 2 with abundant thin
silt cappings. Scale bars in flatbed scans equal 10 mm in length. Key: cac calcite coating, la lithic artifact, If limestone fragment, and sc silt capping.
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FIGURE 13 | Origin of thin sections with occasional or many silt cappings (n = 59).

Admixtures of silt size quartz and mica grains as well as silicate
clay particles probably derived from eolian inputs (Cremaschi
et al. 2005). Higher proportions of these particles are indicated
by clay loam and loam textures of units A2, A3, and A10, and
deposition of aeolian dust is generally increased in external zones
of the cave. Diachronic change in the dust sedimentation rate is
difficult to deduce because of spatial heterogeneity in dust dep-
osition and difficulties of chronological dating (s. below).

Theoretically, deposition of silt and clay could also be explained
by sheet flow entering the cave through the entrance or via
cracks in the cave roof. The sediments do not show any macro- or
microscopic signatures of laminated bedding or cross bedding;
hence, higher velocity surface runoff enabling transport and
separation of sand- from silt-sized grains or even fine gravel
probably did not enter the cave. The interbedding of sandy and
loamy sediments observed in thin section A4 MM8 could reflect
intermittent accumulation of sands from the cave roof and of
finer facies by subaqueous deposition as observed during ex-
cavation. However, this thin section derives from an anthropo-
genic sediment feature, and it is not unlikely that such
interbedding originates from anthropogenic dumping of different

substrates or accidental import of loamy deposits from outside
the cave. Overall, field evidence and micromorphological fea-
tures suggest that water-lain deposition of sediments did not play
a significant role in the aggradation of the sequence.

Anthropogenic deposition of charcoal, bone, and lithics was par-
ticularly high in the case of Al, A2, A5-A6, and A9-All and
included many sedimentary features (Marcazzan et al. 2023). From
a micromorphological perspective, the proportion of anthropogenic
materials outside features of Fumane is mostly low. Few thin sec-
tions show higher amounts of these materials and/or have a dark
gray groundmass due to enrichment with burned residues. Further
anthropogenic imprints consist of abundant red mineral pigment in
thin sections from subunit A2R and in ash layers of some anthro-
pogenic sediment features from units A2, A6, and A10. Several
previously assumed combustion features are now classified as
occupation horizons and isolated concentrations of anthropogenic
materials (Marcazzan et al. 2023). Overall, relatively high amounts
of anthropogenic materials were found in front of tunnel A, which
is the most intensively studied part of the cave. Additional hotspots
of human activity could not be identified with the selection of thin
sections studied. The lack or low amounts of archaeological
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FIGURE 14 | (a, b) Rare occurrence of dissolution hollows within limestone fragment under PPL and XPL, respectively (thin section A4 MM4).
(c, d) Mechanically disintegrating dolostone fragment in thin section A7 MM2 under PPL and partially crossed polarizers, respectively. (e, ) Flatbed
scan of disintegrating rock fragment in A7 MM2 under transmitted ordinary light and using two polarization foils, respectively. Scale bars in flatbed
scans equal 10 mm in length.
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AE: aeolian deposition; (AE); dito weak; (*), *, **, *** : intrusive, weak, moderate, intense F.] 38
+: present; (+) just locally present; c-t: cryoturbated (locally); f :::
(c-t) postdepositionally affected by local cryoturbation = -
LB: lower boundary; GS: Greenland stadial; HS: Heinrich stadial = 6 | , ! , , } !
53000 48000 43000 38000 33000 28000
FIGURE 15 | Major depositional and postdepositional natural processes and anthropogenic contribution (acc. to Table 1) in the upper Fumane

sedimentary sequence. The silt cappings index reflects the abundance of cappings. Paleoclimate reconstruction of Lépez-Garcia based on microfaunal
evidence from Fumane. Modeled calibrated *C data ranges at a 95% confidence interval of each archaeological unit as based on the radiocarbon data
compilation of Marin-Arroyo et al. (2023) and using OXCAL 4.4 (Bronk Ramsey 2009) and the IntCal20 calibration curve (Reimer et al. 2020). The age
range of A9 is poorly constrained (Badino et al. 2023). NorthGrip delta *®0 curve, timing of Greenland interstadials and stadials (Rasmussen
et al. 2014), and Heinrich stadials (Sanchez Gofii and Harrison 2010) for comparison.

materials in units D1, D3, A3, A4, and A7, however, clearly suggest 5.2 | Syn- and Postdepositional Alteration
that occupation did not reach the intensities of other times or was

even interrupted (A7, A12-13). Among those layers, the archaeo-
logically sterile unit A7 represents an excellent model for accu-
mulation of sediment with no or very limited human impact
(Supporting Information S1: Figures S1.8-S1.10).

During and after the accumulation of single layers, sediments of
Fumane were subject to limited structural and compositional
changes. Ripple-like upper surfaces of layers or partial layer
truncation within units A7 and A2 as well as topographic
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depressions filled with sediments during later accumulation
phases suggest episodic events of erosion by internal cave flow.
Hydraulic activity was also responsible for partial erosion of
D3balpha. Topographic depressions may have formed by ani-
mal use of the cave, which, during accumulation of A7, was
probably responsible for the partial truncation of A9 and for-
mation of a fold-like (Supporting Information S1: Figure S1.9D)
depression propagating toward the inner cave. In addition, a
marmot tunnel was exposed during excavation, cutting through
sediments of unit A10 to A5+A6 (e.g., Supporting Information
S1: Figures S1.3 and S1.12D). However, loss of sediments by
hydraulic erosion or animal use of the cave is very limited.

Undulating sedimentary boundaries, intermixing of materials
from different layers, and inverse stratification are indicators of
further postdepositional deformation processes. Field evidence
for units A5+A6 to A2, including the strongly turbated subunit
A2R, suggests that parts of these units were affected by
cryoturbation, that is, the deformation of sediments by
freeze-thaw-related expansion and contracting and mixing of
sediments, implying a phase of pronounced soil frost within the
cave or at least in its inner eastern zone after the accumulation
of these layers. However, microscopic effects of cryoturbation
such as ductile or brittle deformation structures in pedofeatures
or circular orientation of components (Van der Meer and
Menzies 2011; Pawelec et al. 2015; Miicher et al. 2018; Van
Vliet-Lanoé and Cox 2018) were not recorded in thin sections
from Fumane. This lack may partly relate to insufficient sam-
ples from cryoturbated layers and/or weak micromorphological
imprint of cryoturbation in the sandy deposits of Fumane.

During accumulation of unit D3, sliding boulders and slabs
(Supporting Information S1: Figure S1.1) exerted differential
compaction and traction on underlying subunits D3a+b and A2
(Supporting Information S1: Figures S1.1A and S1.2C). Here,
mass movements caused deformation of the underlying sedi-
ments, accompanied by small-scale upward and downward dis-
placement of lithics across the layers defined during fieldwork
(Falcucci et al. 2024). Finally, sediment deformation at Fumane
may have been caused by unevenly distributed load exerted by
falling rock slabs, bioturbation, or cryoturbation, and finally also
by anthropogenic mixing and deformation of the living floor.
Some of these processes may be responsible for deformation
features such as undulating lower boundaries of A2 and A6
in the center-east of the cave (Supporting Information S1:
Figure S1.3) as well as in A9 and A11 (Table 1, Figure 15), ver-
tically arranged stones with densely spaced deformations, and
intrusions of anthropogenic material from A1l in A12 and A13
or intrusions of artifacts into A7 from A6. Deformation of sedi-
ments thus occurred within the cave during several phases, but
intense cryoturbation was restricted to the back part of the cave
and probably took place during accumulation of D3ba, the
uppermost unit showing clear cryoturbation features.

Other postdepositional processes were effective on a microscale.
The locally high degree of compaction may relate to trampling
(Rentzel et al. 2017; Miller 2017; Karkanas and Goldberg 2019),
which is also indicated by crushed bone identified in some of
the features and postulated as a major process for the formation
of occupation horizons and laminated anthropogenic features
in Fumane (Marcazzan et al. 2023). However, compaction can

also result from ice lensing (Van Vliet-Lanoé and Cox 2018), but
this process is probably of minor importance in Fumane, as
discussed below. It should be noted that the gravelly sands to
loamy sands present in most thin sections of Fumane do not
represent substrates susceptible to compaction (Karkanas and
Goldberg 2019) and effects of trampling or frost may not be
recorded well.

A large proportion of pores inspected under the microscope are
biogenic and probably related to small soil mesofauna and fine
plant roots. Beside the marmot burrow, field evidence and
micromorphological features suggest that burrowing activity
mostly took place on a microscale. Except for disturbances in
human-made sediment features (Marcazzan et al. 2023) and the
erosion or cryoturbation-affected parts, the sedimentary
sequence is thus characterized by stratigraphic integrity. This is
also indicated by the fact that silt cappings are almost always
located on the top of limestone fragments, which argues against
considerable reworking of the clasts.

Most layers show weak chemical weathering of limestone clasts.
Physical disintegration of the surrounding dolostone was
probably the dominant process of limestone weathering and
limited physical degradation after deposition of clasts on the
cave floor occurred as well.

The dissolution of carbonate within the substrate and precipi-
tation of secondary carbonates are two processes that are not
necessarily proportional to each other. Besides leaching within
the deposit, the source of secondary calcite may be droppings of
bicarbonate-rich waters from the cave walls and roof. Relatively
high amounts of secondary carbonates in the entrance zone
near the present drip line may indicate that the dripping source
is important, but the location of the drip line before collapse of
the roof before and during the Last Glacial is not known. The
diffuse carbonate enrichment would fit into a spatio-temporally
variable dripping pattern from the roof. On the other hand, rare
hypocoatings formed by uptake of soil water by fine plant roots,
leaving micrite enriched groundmass around the pore behind,
suggest the former presence of fine plant roots and precipitation
of carbonate from bicarbonate-rich pore water in their vicinity.

Most sediments have abundant and large pores allowing quick
percolation of water from snowmelt, rainfall, dripping from the
cave roof, or after rare events of surface runoff or Kkarstic
seepage possibly entering the cave. Percolating water can
transport fine mineral grains downward. During transport, the
particles may be filtered out on larger mineral grains or in
ending pores, where thin clay and silt bridges between sand
grains, cappings on coarser grains, or thick coatings of pores
can form (Kiihn et al. 2018) depending on the intensity of the
translocation processes. The presence of silt cappings testifies to
the redistribution of silt and clay within sediments of Fumane
cave. Transport distance was likely short, as indicated by
the color of the cappings, which is identical to the color of the
neighboring groundmass. A significant downward transport
from one layer to the other, as known for clay illuviation pro-
cesses in soils (Kiihn et al. 2018), probably did not take place.
This is indicated by the low abundance of silt cappings in units
A7 and A10, which are overlain by layers comparatively rich in
silt cappings. That most of the cappings are found on the
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upward-facing surfaces of coarse grains attests to the domi-
nance of vertical transport and argues against later mechanical
disturbance of the sedimentary context. Short transport in the
carbonate-rich sediments may relate to high electrolyte con-
centrations in pore water inhibiting the dispersion of silicate
clays. In fact, the poor layering within silt cappings suggests
that clay particles were transported in coagulated mode. The
formation of silt cappings in each thin section is probably also
related to local differences in the porosity of the deposits and
the presence of large filtering surfaces such as dolostone frag-
ments and other coarse materials, including bone and lithics
embedded in the porous groundmass. In Fumane, silt cappings
appear to be more strongly developed in layers underlying
the loosely packed pore-rich ‘sabbie’ (sand) facies, which may
be related to higher amounts of percolating water. Overall, the
heterogeneity of sediment properties governing filtering sur-
faces and water percolation causes a high spatial variability of
silt capping formation within each stratigraphic unit.

5.3 | Paleoclimatic Implications

Evidence for overall cold climatic conditions during the accu-
mulation of Fumane sequence is high abundances of angular
and subangular platy limestone clasts (Table 1). This frost-
shattered debris accumulated in all units of Fumane, apparently
without any strong changes in intensity if we exclude unit A12
(mostly sandy) and the westernmost and outermost areas of the
cave, due to the lithology of the wall or the lack of the roof,
respectively.

When excavating units A1-A3, and A6-A7 vertically tilted
stones, mechanical deformations of the layer interfaces, dis-
persion, and microbreakage of artifacts and ocher were
observed in the East area of the cave entrance (Supporting
Information S1: Figures S1.15 and S1.16a-c). It appears likely
that these features were caused by gelifluction and cryoturba-
tion requiring cold temperatures and sufficient moisture en-
abling annual freeze-thaw cycles in the sediments. The local
expression of these features possibly relates to different micro-
climatic zones in the former cavity, with more pronounced frost
near the W- and NW-facing wall of the cave.

Silt cappings, banded fabric, and granular and platy micro-
structures are common micromorphological features observed in
frost-affected paleosols, Fragipans, or well-drained coarse-grained
Arctic soils. These features have been related to repeated
freeze-thaw cycles under periglacial climate conditions (Kiihn
et al. 2018; Van Vliet-Lano€ and Cox 2018) and are also found in
last glacial sediments of caves and rockshelters such as in Lusa-
kert cave, Armenia, and Ortvala Klde, Georgia (Mallol and
Goldberg 2017; Brittingham et al. 2019), Geif3enklosterle and
Hohle Fels in Swabia (Goldberg et al. 2003; Miller 2015; Goldberg
et al. 2019), or Jarama VI and Abrigo del Molino in Central Iberia
(Kehl et al. 2013, 2018). Considering the weak expression of frost-
related features such as banded fabrics or platy microstructures
and limited macroscopic frost signals in Fumane, it appears likely
that temperature changes inside Fumane cave were rather modest
and strong frost-related effects, including the formation of ice
lenses mainly restricted to accumulation of unit D3, when cryo-
turbation affected part of the deposit.

However, silt cappings at Fumane are well expressed in some
layers, being most abundant in units D3, A1/A2, and A5-A6
(Figure 15). Although differential expression of silt cappings
could be related to changes in frost within the cave, differences
in precipitation-related percolation rates or variation of snowfall
relative to rainfall should also be considered. As mentioned
above, the high porosity of sediments in Fumane allows fast
percolation of water, favoring the local redistribution of fine
particles. Besides mobilization of silt by direct rainfall at the
surface of the cave floor, snowfall meltwater with low electro-
lyte concentrations may have promoted dispersion of clay par-
ticles, breakdown of microaggregates, and lateral or vertical
movement of silt and clay. Though probably not promoting the
formation of ice lensing in the whole cave environment of
Fumane, the postulated temperature depressions for the area
(see below) make it likely that snowfall was increased during
stadial (and probably interstadial) periods of MIS 3. Silt cap-
pings were observed even in the back part of Fumane Cave.
Snow may have been blown inside these areas behind the drip
line, and then snowfall meltwater could have been responsible
for the translocation of silt and clay. In the Fumane Cave
context, silt capping formation can thus be explained by mois-
ture and temperature changes. Less cappings were formed
during phases of reduced percolation of pore water during dry
and/or warm (less snowfall) phases, concomitant with accu-
mulation of units A10, A9, A7, and A4-A3. Silt cappings will
have formed if relatively moist and/or cold conditions (more
snowfall) enabled higher percolation of pore water and filtra-
tion of silt, which could have been the case during accumula-
tion of units A5-A6, A2, and Al as well as D3 showing
increased silt capping abundance.

Furthermore, spatially variable factors, such as the preferential
dripping of water on the cave floor or lateral variation in
porosity and granulometry, affect the percolation intensity and
the filtering potential of fine grains, adding to the high spatial
variability of silt capping expression in Fumane. Considering
the weak expression of other frost-related features such as
banded fabrics or platy microstructures and limited macro-
scopic frost signals in Fumane, it appears likely that tempera-
ture changes inside Fumane cave were rather modest and
strong frost-related effects, including the formation of ice lenses
mainly restricted to accumulation of unit D3, when cryoturba-
tion affected part of the deposit. The discussion of paleoclimate
imprints in the Fumane sequence should also consider that cave
systems and rockshelters are protected environments with
lower amplitudes in temperature and humidity than in their
surroundings (e.g., Liu et al. 2017); hence, climate signals
recorded in the cave may reflect higher amplitude climate
change outside.

5.4 | Comparison With Climate Proxy Records of
Northern Italy

Several studies identified frost-related features in last glacial
sediment sequences bordering the Po plain in Northern Italy,
although with discontinuous evidence (see Peresani et al. 2021).
Platy and locally banded microstructure, widespread occur-
rence of silt cappings on rock fragments, and disrupted and
reworked clay coatings were described for unit 15 of Ciota Ciara
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cave (Angelucci et al. 2019), located at 665 m asl in the western
Piedmont of the Southern Alps. Cremaschi and van Vliet-Lanoé
(1990) report on frost-shattered debris, cryogenic breccia, and
micromorphological evidence of frost activity, including platy to
subangular blocky structure, in the Middle Paleolithic layers of
Tagliente shelter, situated at 250m asl about 10km to the
southeast of Fumane. The same study reports on the presence of
frost features in several loess profiles located in the wider area.
For the sites mentioned, the timing of frost feature formation is
not well constrained, and correlation with MIS 3 is unclear.
Further to the south at Arene Candide, a platy microstructure
was recorded in Gravettian layers correlated with HS 3 (Rellini
et al. 2013), hence after accumulation of the relevant sequence
at Fumane.

The available radiocarbon dates for Fumane suggest that accu-
mulation of units A5 and A54+A6 mainly occurred during
Greenland Stadial (GS) 12 and continued into Greenland Inter-
stadial (GI) 11, during which A4 and A3 formed, the latter ex-
tending until GI 10 and showing a temporal overlap with
A1/A2 (Figure 15). D3 probably falls into GS 9, equivalent to HS
4, which was possibly the coldest period during MIS 3 in the Po
plain (Badino et al. 2023). The accumulation period from the
Late Mousterian unit A54+A6 to Protoaurignacian unit D3 is thus
placed from c. 45-38 ka, providing a chronological framework for
correlation with climate archives of the wider area. Paleoenvir-
onmental reconstructions using small-mammal remains at Fu-
mane suggest relatively cold conditions in the habitats of
insectivores, bats, and rodents during accumulation of units A7
to A6 and A3 to Al (Lopez-Garcia et al. 2015; Figure 15). These
climate signals were correlated with Heinrich Events (HE) 5 and
4, that is, phases of massive iceberg releases into the Northern
Atlantic (Heinrich 1988; Bond et al. 1992; Lopez-Garcia
et al. 2015). Increased formation of silt cappings was observed
in units A6 and A2, A2R, and Al, which may partly correlate
with these postulated cold periods. However, according to Lopez-
Garcia et al. (2015), the mean annual temperature at Fumane
cave was maximally reduced by 5.9°C compared to the current
values at the meteorological station Verona-Villafranca (12.4°C),
located at 68 m asl, thus ~200 m below Fumane Cave. The mean
temperatures of the coldest month decreased by a maximum of
2.9°C, down to -1.4°C. The reconstructed temperature depres-
sion for the coldest months during cold periods is thus not high.
In addition, the difference in temperature reduction between
postulated relatively cold and warm phases is rather weak, fitting
with the moderate changes in silt capping expression. Lopez-
Garcia et al. (2015) also estimated that the MAP during accu-
mulation of units A11-D1e was as high as 1305-1448 mm, hence
c. 438-621 mm higher than the present-day value (827 mm at
Verona-Villafranca), and that the cold periods defined above
were characterized by less rainfall than the warm periods. Dif-
ferences between ‘dry’ and ‘humid’ phases are, however, less
than 150 mm in MAP, thus being negligible for the postulated
permanently humid climate during MIS 3 (Lopez-Garcia
et al. 2015).

Detailed paleoenvironmental reconstructions for the Po plain
were produced on a pollen record base from Lake Fimon,
located in the Berici hills 40km east from Fumane (Pini
et al. 2010; Badino et al. 2020, Badino et al. 2023). In accordance
with paleoclimate modeling (Barron and Pollard 2002), lower

MAP during MIS 3 than at present was revealed. The Lake
Fimon pollen sequence reflects a mosaic of boreal forest and
steppe with temperate trees, including Tilia and Abies (Pini
et al. 2010), indicating a significantly dryer and colder climate
than today. Opening of the forest documented in pollen zone
FPD 17c suggests a major change toward still colder and drier
conditions possibly correlating with HS4 (Pini et al. 2010). A
recent high-resolution pollen study from the same lacustrine
basin (Badino et al. 2023) further refines the reconstruction of
vegetation types in the upper Po plain. Plant taxa in pollen zone
FDP1 (60-42ka) reflect a mosaic of dry boreal forest, cool-
temperate mixed forest, steppe, and desert steppe as well as
other grasslands, including meadow steppe, suggesting open
cool-temperate woodlands. Pollen zone FDP2 (42-39ka) is
characterized by increased shares of grassland documenting a
further opening of the landscape and step toward even drier
climate conditions. Although the vegetation change related to
FDP2 sets in with GS 11, it appears likely that it culminates
with HS 4. Interestingly, limited modern vegetation analogs
were identified for the pollen spectra of FDP2, stressing its
unique composition of grassland, cool-temperature mixed for-
est, and dry boreal forests. In pollen zone FDP3 (39-31ka),
boreal forest and steppe taxa again expanded, whereas taxa of
other grassland and cool-temperate mixed forests were less.
FDP4 (31-28 ka) reflects an increase in boreal dry forest at the
expense of other vegetation types. The cold and dry phases
reflected by FDP2 thus appear to reflect the coldest and driest
period.

During MIS 3, the continental lowlands of Northern Italy thus
experienced relatively modest temperature and moisture chan-
ges (Badino et al. 2020). with a major peak in dryness and cold
during HS4. The mostly moderate temperature-related effects
on the sedimentary sequence of Fumane, except for deforma-
tion of units D3, and A1-A7 by local cryoturbation fit this
picture.

6 | Conclusions

Detailed field descriptions and micromorphological study of
macro-units A and D at Fumane provide new insights into the
composition and structure of sediments, providing information
on depositional processes, postdepositional alterations, and
stratigraphic integrity of the site during the Middle to Upper
Paleolithic transition. The sediments originate from physical
disintegration of the dolostone cave roof and walls and to a
lesser degree from eolian inputs and anthropogenic materials.
Anthropogenic sedimentation outside of sediment features is
low to moderate; effects of trampling are rarely identified.

Further depositional and postdepositional processes include the
accumulation of secondary calcite and physical redistribution of
silt and micromass to form silt cappings. The spatial distribu-
tion of silt cappings within the cave and information from cli-
mate records of the area may suggest that their formation is
related to increased snowmelt. Considering the weak expression
of other frost-related features, ice lensing in the cave sediments
is unlikely to have played a significant role. The formation of
silt cappings was most pronounced during accumulation of
units Al, A2 and A5-A6, and possibly enhanced by decreases in
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temperature culminating during HS 4, when solifluction and
cryoturbation affected the sequence.

The thickness, gravel content, and granulometry of the fine
fraction of each unit may spatially vary to a large degree, as is
known from field observations. It is thus not surprising that
thin sections from the same unit also show a large variation in
micromorphological properties. Sampling ideally covers this
variation, but due to technical reasons, this is often not possible.
Overall, field and micromorphological observations compare
fairly well and confirm the stratigraphic integrity of most parts
of the sequence.

Behind the background of more or less continuous supply of
frost-shattered rubble, diachronic change in the expression of
pedofeatures probably relates to moisture changes rather than
strong temperature effects. The micromorphological observa-
tions thus support the notion that human occupation at Fu-
mane took place under rather temperate climate conditions
without a strong variation in seasonal frost.
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